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PufferBot: Actuated Expandable Structures for Aerial Robots
Hooman Hedayati1, Ryo Suzuki1,2, Daniel Leithinger3, and Daniel Szafir3
PufferBot is an aerial robot augmented with an actuated, expandable structure that may expand to protect the robot or
collocated humans in the event of a collision.
Abstract—We present PufferBot, an aerial robot with an
expandable structure that may expand to protect a drone’s
propellers when the robot is close to obstacles or collocated
humans. PufferBot is made of a custom 3D-printed expandable
scissor structure, which utilizes a one degree of freedom
actuator with rack and pinion mechanism. We propose four
designs for the expandable structure, each with unique char-
acterizations for different situations. Finally, we present three
motivating scenarios in which PufferBot may extend the utility
of existing static propeller guard structures. The supplementary
video can be found at: https://youtu.be/XtPepCxWcBg
I. INTRODUCTION
Aerial robots are increasingly used in a wide variety of
applications, such as search and rescue, journalism, structural
inspection, and environmental data collection. When used
indoors, aerial robots have traditionally been isolated from
humans through cages or operated in an entirely separated
space, but they are increasingly entering into environments
with collocated humans (e.g., construction sites). In such
situations, there is an increasing demand to reduce the danger
and unpredictability of robots, as well as increase safety for
nearby people. At a high level, aerial robots introduce a
major safety consideration beyond those present in traditional
ground robots as many types of hardware and/or software
failures will lead to complications in maintaining the robot’s
altitude, with the robot subsequently falling onto the ground
or crashing into obstacles. Moreover, aerial robot propellers
are often quite fragile, with slight damage to the propellers
leading to instabilities and/or errors in how the robot executes
a plan from a flight controller. Any crashes resulting from
1Department of Computer Science, University of Colorado Boulder.
hooman.hedayati@colorado.edu
2Department of Computer Science, University of Calgary.
ryo.suzuki@ucalgary.ca
3Department of Computer Science and ATLAS Institute, University
of Colorado Boulder. daniel.leithinger,daniel.szafir
@colorado.edu
falls or erroneous flight paths may damage the robot and
create dangers for nearby humans.
To address issues surrounding propeller damage/safety,
many aerial robots use propeller guards—fixed structures
that may prevent the propellers from hitting an obstacle or
person in the event of a collision. However, many guards
do not fully cover the robot’s propellers (for instance, only
providing cover for the horizontal size of a propeller), leaving
other parts of the propellers (e.g., the top) exposed and
vulnerable to damage. On the other hand, guards that do
provide full coverage surrounding the propellers, such as in
the Zero Zero Robotics HoverCam [1] and the Flyability
GimBall [2], significantly increase the size and rigidity of the
robot, potentially making the robot less maneuverable. This
can pose a problem if the robot operates in narrow spaces
(e.g., search and rescue in a collapsed building), as the robot
cannot navigate tight spaces and can become stuck between
obstacles. Finally, such systems only provide a static buffer
zone indicating appropriate interaction distances between the
robot and any nearby humans.
In this paper, we introduce PufferBot, the concept of an ex-
pandable aerial robot that can dynamically change its shape
to reduce damage in the event of collisions with collocated
humans and/or the environment. PufferBot consists of an
aerial robot with a mounted expandable structure that can be
actuated to expand in order to reduce the collision damage
or create an enlarged buffer zone surrounding the robot. The
PufferBot concept is inspired by both natural designs (e.g.,
pufferfish) and mechanical systems (e.g., vehicle airbags).
When in danger, a pufferfish (Tetraodontidae) inflates its
body by taking water or air into portions of its digestive
tract to increase its size. Similarly, vehicle airbag systems
also inflate to protect humans when crashes occur.
By taking an inspiration from such metaphors, we propose
an expandable structure for an aerial robot that may reduce
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Fig. 1. The existing approaches.
the risk of crashing and protect the robot’s propellers when
the robot is in danger of falling on the ground, crashing
into an object, or navigating cluttered spaces. One advan-
tage of our system is that the expandable structure can
dynamically change its shape in order to reduce the overall
size in the non-expanded state, making it easier for the
robot to navigate in narrow spaces and avoid unnecessary
contact with the surrounding environment. In addition, such
expandable structures may open up a new design element for
future work examining user interaction (e.g., using robot ex-
pansion/contraction as a communicative mechanism, similar
to [3], [4], [5]).
In this paper, we first describe related work in robotic
safety and expandable structures. We then explain our design
and implementation of the PufferBot system and present
applications of PufferBot. Finally, we discuss PufferBot’s
limitations and our planned future work.
II. RELATED WORK
Our work is informed by prior research in the field of phys-
ical human-robot interaction (pHRI), which has examined
problem of integrating robots in human-populated environ-
ments. The literature on pHRI has identified several methods
in which safety can be ensured, including safety through
control, motion planning, prediction, and a consideration
of human psychological factors. Relevant to our particular
concern of physical safety, past research typically focuses
on one or more components of the collision management
pipeline, including pre-collision, which usually deals with
a combination of human detection and prediction [6], [7],
maintaining safe separation distance [8], or avoiding and
predicting undesired collisions via motion planning and
control [9], [10], [11], [12]; collision detection, isolation and
identification, to understand the severity of a collision should
one occurs outside of the prescribed robot operation ([13],
[14], [15]); and post-collision and post-impact phase ([16],
[15], [17]); see [18] for an overall survey of such methods
and [19] for a survey focused on pHRI.
Within this general framework, drone/UAV researchers
have mostly tried to improve aerial robot perception systems
to better detect humans [20] and avoid collisions in the
first place (i.e., pre-collision management) [21], [22]. Many
of these efforts do not directly target safety but indirectly
result in safer human-robot interactions. As an alternative
approach, other research on aerial robots has focused on how
to communicate planned robot flight trajectories to users to
address the motion inference problem whereby interactions
involving robots and collocated humans may be unsafe (or
perceived as unsafe) if humans are unable to understand
how, when, and where a robot will move (and thus cannot
plan their own movements accordingly). Within this line of
research, prior work has explored how robot motion [23],
lights [24], and augmented reality visualizations [25], [26],
[27], [28], [29] may make the robot’s actions/motion more
predictable.
A third method for improving aerial robot safety is through
enhancing the hardware design of the robot itself. For exam-
ple, Pounds et al. [30] developed a passively spinning hoop as
a mechanical interference sensor for detecting obstacles and
triggering an electrodynamic braking system. This system re-
sults in instant landing (i.e., falling to the ground) which may
not always be ideal although the notion of a braking system
that does not injure humans is relevant to our motivation.
To date, most efforts in hardware design have been made
by hobbyist/consumer aerial robot companies that produce
propeller guards (Fig. 1A), an optional robot component
that is often mounted on each arm of the aerial robot. Such
guards, which may be made of soft (e.g., foam) or rigid (e.g.,
plastic) materials may provide the robot with a minimal form
of impact reduction while reducing any damage that may be
caused by spinning propellers to humans or objects the robot
crashes into. While many guards only protect the propellers
along a single axis (most often, the horizontal axis), certain
commercial systems use protective cages (Fig. 1B) that cover
the whole drone and completely isolated the propellers from
the surrounding environment. Two particular examples of
aerial robot cages are Zero Zero Robotics HoverCamera [1]
and and Flyability GimBall [2] (Fig. 1B).
While simple propeller guards and full cages can pro-
vide some protection for the robot propellers (and likewise
protect humans and the environment from being damaged),
such static systems are limited in providing only minimal
compliance, may increase the size and rigidity of the robot
frame (potentially reducing maneuverability), and do not
necessarily provide nearby humans with many cues regarding
safety (potentially leading to issues of over or undertrust in
the system).
Recent work has begun to examine new aspects of aerial
robot design that may address some of these limitations.
For example, our work draws inspiration from research that
explores dynamic propeller shells [31], foldable drone frames
[32], and origami-inspired mechanisms for aerial robots
Fig. 2. Yellow area shows the two geometric planes which can be used
for an actuator of expandable structure
Circle Cylinder Hemisphere Sphere
Fig. 3. The four designs that can be implemented.
[33], [34] (Fig. 1C,D). Sareh et al.’s [35] work developing
an origami-based circlular protection guard for drones is
particularly relevant to our work, although this system is still
a static structure compared to our PufferBot, which focuses
on dynamic, actuated expandable structures.
III. DESIGN
In this section, we describe our design choices and ra-
tionale for the PufferBot. Our design process focused on
two potentially competing objectives: (1) safety of the robot,
collocated humans, and environment, and (2) robot maneu-
verability. Safety and maneuverability can often be a trade-
off; for example, mounting a cage on a drone’s propellers
may improve safety but increases the robot’s size and weight
meaning that the drone may not be able to navigate as
confined spaces.
To balance these objectives, we explored expandable struc-
tures, special structures that can change size or volume in
dynamic ways. Expandable structures have been used in
masts, arches, plane spatial structures, and cylindrical and
spherical bar structures [36]. One advantageous property of
expandable structures is that it is typically easy to change
overall shape of the structure by applying force in a single
direction, which may reduce the complexity in attempting to
actuate such structures. Expandable structures can have dif-
ferent shapes, such as foldable circular structures or foldable
ring structures [37].
For aerial robots, the propeller number, position, and
configuration imposes a design constraint for an expandable
structure. For example, for a common quadcopter configura-
tion, the space that can be used for actuation of an expand-
able structure is shown by the yellow areas in Fig. 2. Based
on this design constraint, we propose an expandable structure
with a customizable, modular ring design. The ring design is
constructed from connected scissor units that make a circle
shape. The scissor units consists of two angled arms that
are connected to each other at their intermediate points by a
revolvable joint [38]. The ring design can be easily extended
to the other designs, such as a hemisphere by adding two half
rings or a full sphere by adding two full rings (all without
needing to alter the underlying actuation mechanism). Below,
we describe four different geometries made possible by this
customizable ring design: circle, cylinder, hemisphere, and
sphere (Fig 2):
Circle: This design is made by a single ring and is similar
to existing propeller guards on the market. The advantage of
the circle over static guards is that it can expand and contract
as needed. This is the most lightweight design, with a weight
of 1 ×Massring . A disadvantage of this design is that it
cannot protect the propellers in all directions. If the robot
hits an obstacle from above or below, there is potential for
damage.
Cylinder: This design is made by two parallel rings
connected to each other and mounted on the aerial robot.
This is most similar to the static HoverCamera cage when
the structure is expanded. This Cylinder still may not protect
the robot fully, but provides more coverage than the Circle
design. A disadvantage of this design is that the rings
directly above and below the propellers may change airflow,
potentially requiring the flight controller be re-tuned. The
weight of the Cylinder is 2×Massring.
Hemisphere: This design is made by a full ring and two
half rings. The half rings are perpendicular to each other
and to the full ring. As a whole, they make a half sphere.
The weight of this structure is the same as the Cylinder
(2 ×Massring). The half sphere protects the upper half of
the aerial robot, which is more fragile since the lower part
of the robot may be protected by the landing equipment.
The Hemisphere design helps protect the robot from certain
types of vertical obstacles beyond those addressed by the
Circle and Cylinder (e.g., a light hanging from the ceiling).
Moreover, it does not interfere with the airflow on the top
of the propellers.
Sphere: The last design is a full sphere made by three full
rings, in which the two additional rings are perpendicular
to another. This design is the heaviest of our designs,
3×Massring, which can reduce the efficiency of the robot
and total flight time. The advantage of the sphere is that
it provides the most robust protective structure that fully
surrounds the robot (similar to the Flyability GimBall). In
addition, as the Sphere design presents a similar appearance
regardless of observer angle, it may support distance estima-
tion during line-of-sight teleoperation.
We can also change the angle and the length of the two
bars in scissor units. By modifying these two parameters we
can change the radius and smoothness of the ring. The radius
of the ring has a linear correlation with the length of each
individual part in scissor unit. Through design iteration, we
determined that a minimum 15 cm gap was a safe distance
between propellers and the safety guard. The length of the
arms were selected to satisfy this constraint. The angle in
the arm is correlated with the number of scissor unit used in
each ring. The more scissor units used, the smoother the ring
is. More scissor units make the structure more robust, but
increases the weight of the structure and thus may decrease
efficiency. After creating several prototype designs, we found
that 16 scissor units provided a good trade-off between the
weight and the smoothness of the ring and the stiffness of
the structure when encountering obstacles.
IV. IMPLEMENTATION
In this section, we explain the implementation of the
system and specification for each component. The four
components of the PufferBot are (1) an aerial robot, (2) a
3D printed expandable structure, (3) a actuation mechanism,
and (4) a controller (Fig. 4). We explain each component in
detail.
Servo Motor
Microcontroller
Drone
Rack and Pinion
Expandable
Structure
DJI Falme Wheel F-450 Quadcopter
Wemos D1 mini ESP8266 Chip
FeeTech FS5103R Continuous Servo
Laser Cut 40 cm Rack
3D Printed Pinion Gear
3D Printed Hoberman Sphere
Fig. 4. PufferBot parts
A. Aerial Robot
In this work, We used a DJI Flame Wheel F450 frame
for our aerial robot. The base frame weight is 282 g. Af-
ter mounting additional components (motors, battery, flight
controller, etc.), the weight of the aerial robot accumulates
to 1.2 Kg. Based on the specification document, the robot is
capable of lifting up to 1.6 Kg of payload. which is enough
for our expandable structure (in our setting, the weight of
expandable structure and the actuator combined is 1.6 Kg).
The diagonal length of the robot (motor to motor) is 45 cm.
We used 4.5 inch propellers (11.43 cm), which make the total
length of the aerial robot 70cm. We used a 4S Lithium-ion
Polymer (LiPo) battery as the power source, which gives the
robot a flight time of approximately 18 minutes. We built a
plate on top of the aerial robot which gives us enough surface
to mount and secure the expandable structure and actuator.
The plate also allows us to avoid direct contact with the
inertial measurement unit (IMU) and onboard sensors in the
flight controller.
B. Expandable Structure
The expandable structure is made of three parts: (1)
actuator joints, (2) regular joints, and (3) scissor units. 74
pieces were used in total to make the expandable structure.
Revolvable press fit joints are used for secure but rotatable
connections (Fig 5).
3D Printed Joints
Laser Cut Rack
Expandable
Scissor Structure
Revolvable Press Fit Joint
Fig. 5. The assembly of the PufferBot.
C. Actuation
We actuate the expandable structure with a one degree of
freedom actuation mechanism based on rack and pinion. The
pinion gear located in the center rotates the four individual
rack planes at the same time, so that the actuated racks can
evenly apply the expansion force in four different directions
at the same rate. The actuator joint attached to the end of
the rack can expand and collapse the expandable structure
by pushing and pulling the connected points. All the actuator
parts are 3D printed with PLA. We laser cut the racks with
3mm plywood. We used plywood after testing with different
materials (e.g., acrylic) and found that plywood was the most
robust in terms of holding its shape against bending forces
over time. We used a FeeTech FS5103R as a servo motor,
controlled by a Wemos D1 mini ESP8266 micro-controller.
Fig. 6. The drone need 70cm clearance, the structure size can vary from
52cm to 85cm
D. Control
There are two components that need to be controlled in
the PufferBot: the aerial robot and the expandable structure
actuator. Both can be controlled autonomously by a central
computer or manually by a teleoperator. To implement au-
tonomous control, we developed a linear PID controller that
controls the position and altitude of the aerial robot. As the
aerial robot we used lacks on-board sensing capabilities suf-
ficient for accurate localization, our PID controller currently
relies on a Vicon motion capture system with 200Hz motion
tracking cameras embedded in the environment to track the
physical robot. There is a trajectory planner built on top
of the PID controller so the robot can traverse the space
as planned. The local computer that runs the Vicon system
also continuously detects nearby obstacles, and based on this
information, it wirelessly communicates with the actuator’s
microcontroller to programmatically control the size of the
expandable structure. In the manual mode, a teleoperator is
in charge of controlling the robot as well as the expandable
structure.
E. Performance
The Pufferfish weights 600 grams and can expand or
collapse in 6 seconds (we tested the expanding structure 50
times and the number reported is the mean of the trials).
PufferBot can handle 6-9 N of force: 6 N against the parts
furthest from the actuation racks and up to 9 N applied to
the links directly connected to the racks.
V. USE CASES
In general, we envision that actuated expandable struc-
tures, such as our PufferBot design, will be helpful for robots
operating in cluttered spaces and/or in situations where
humans are collocated and potentially collaborating with the
robot. In this section, we detail several scenarios in which
we anticipate PufferBot will be particularly useful.
Fig. 7. We envision PufferBot augmenting aerial robots across a range
of scenarios, including helping to alert and protect collocated humans,
avoid damage to the robotic platform itself, and support collision-tolerant
navigation.
A. Protecting Humans
Aerial robots and humans are increasingly occupying
shared spaces, whether through collaboration in the work-
place or users partaking in leisure activities (e.g., a hobbyist
piloting an aerial robot in their neighbourhood). While
human safety is critical in these situations, developing
autonomous/semi-autonomous systems capable of mitigating
all risk of collisions remains an open problem, with some
risks arising from humans themselves (e.g., a wandering
human who is not paying attention or one who is attempting
to test the robot’s behaviors might incite a collision with the
robot). In these scenarios, PufferBot may reduce the risk of
human injury in contacting the robot’s spinning propellers,
disperse the force of the robot during a collision over a wider
surface area, and provide a compliance mechanism that helps
mitigate impact force. Moreover, PufferBot may support
pre-collision management by communicating a customizable
buffer zone that indicates safe proxemic interaction zones
with the robot, potentially expanding to increase the buffer
zone as conditions change (e.g., due to the ratio of humans
in the environment vs environment size, inferences regarding
human knowledge of the robot, etc.). In autonomous systems,
the expansion capability may be activated in response to
sensor readings or as part of a fail-safe (potentially improving
the autonomous landing/falling procedure that many systems
currently implement when faults arise). For a teleoperator, an
emergency button can be implemented on the controller that
immediately activates PufferBot, like an airbag.
B. Protecting the Drone
In recent years, there has been an increasing trend in
utilizing aerial robots for inspecting bridges, powerlines,
pipelines, and other infrastructure elements. For these tasks,
aerial robots must operate close to the target of interest,
increasing the chance of the robot hitting obstacles due to
operator error, loss of power, and/or unexpected elements of
weather like gusts of wind. In these situations, PufferBot may
protect the robot from dangerous objects in the environment.
In the worst case, PufferBot may reduce damage to the
robot when in free-fall by expanding to leverage the scissor
structure, which acts like a spring (Fig. 7).
C. Sensing and Navigating Complex Environments
When drones navigate in complex indoor environments,
they usually rely on some form of perception (e.g., SLAM)
to avoid colliding with walls and obstacles. However, many
conditions may impair perception algorithms, including
smoke, glare, dirty camera lenses, etc. We propose to use
the expanding scissor structure as a guiding mechanism in
collision-tolerant navigation, similar to the whiskers of a
cat, the use of white canes by people who are blind or
visually impaired, or the bumper bar of wheeled robots like
Roomba. When the drone is in a complex environment, it
may expand in order to locate obstacles by bumping into
them. We can further mount sensors into the structure to
enhance this navigation and even provide haptic feedback
to a teleoperator to indicate when the presence of nearby
obstacles.
VI. CONCLUSIONS
In this paper we present the design and implementation
of PufferBot, an aerial robot with an actuated, expandable
structure that serves to protect the robot, collocated humans,
and the operating environment. Our modular design supports
four different configurations that make trade-offs between the
protection offered and the resulting robot maneuverability.
We detail the construction of the Hemisphere design in
particular to demonstrate an end-to-end proof of concept of
our system. Finally, we present several use cases in which
we envision PufferBot providing utility.
ACKNOWLEDGMENT
This work was supported by an Early Career Faculty grant
from NASA’s Space Technology Research Grants Program
under award NNX16AR58G and by the Nakajima Foun-
dation scholarship and the Strategic Information and Com-
munications R&D Promotion Programme (SCOPE) of the
Ministry of Internal Affairs and Communications of Japan.
We thank Vinitha Gadiraju for her help in our research.
REFERENCES
[1] ZeroZeroRobotics, “Hovercam.” [Online]. Available: https:
//zerozerorobotics.com/
[2] Flyability, “Gimball.” [Online]. Available: https://www.flyability.com/
[3] R. Suzuki, C. Zheng, Y. Kakehi, T. Yeh, E. Y.-L. Do, M. D. Gross,
and D. Leithinger, “Shapebots: Shape-changing swarm robots,” in
Proceedings of the 32nd Annual ACM Symposium on User Interface
Software and Technology, 2019, pp. 493–505.
[4] R. Suzuki, H. Hedayati, C. Zheng, J. L. Bohn, D. Szafir, E. Y.-L. Do,
M. D. Gross, and D. Leithinger, “Roomshift: Room-scale dynamic
haptics for vr with furniture-moving swarm robots,” in Proceedings of
the 2020 CHI Conference on Human Factors in Computing Systems,
2020, pp. 1–11.
[5] S. Takei, M. Iida, and T. Naemura, “Kinereels: extension actuators for
dynamic 3d shape,” in ACM SIGGRAPH 2011 Posters, 2011, pp. 1–1.
[6] S. Kuhn and D. Henrich, “Fast vision-based minimum distance de-
termination between known and unkown objects,” in 2007 IEEE/RSJ
International Conference on Intelligent Robots and Systems. IEEE,
2007, pp. 2186–2191.
[7] M. Ragaglia, A. M. Zanchettin, and P. Rocco, “Trajectory generation
algorithm for safe human-robot collaboration based on multiple depth
sensor measurements,” Mechatronics, vol. 55, pp. 267–281, 2018.
[8] P. Svarny, M. Tesar, J. K. Behrens, and M. Hoffmann, “Safe
physical hri: Toward a unified treatment of speed and separation
monitoring together with power and force limiting,” arXiv preprint
arXiv:1908.03046, 2019.
[9] F. Flacco, T. Kro¨ger, A. De Luca, and O. Khatib, “A depth space
approach to human-robot collision avoidance,” in 2012 IEEE Inter-
national Conference on Robotics and Automation. IEEE, 2012, pp.
338–345.
[10] R. Rossi, M. P. Polverini, A. M. Zanchettin, and P. Rocco, “A
pre-collision control strategy for human-robot interaction based on
dissipated energy in potential inelastic impacts,” in 2015 IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS).
IEEE, 2015, pp. 26–31.
[11] O. Khatib, “Real-time obstacle avoidance for manipulators and mobile
robots,” in Autonomous robot vehicles. Springer, 1986, pp. 396–404.
[12] C. Madarash-Hill and J. Hill, “Enhancing access to ieee conference
proceedings: a case study in the application of ieee xplore full text
and table of contents enhancements,” Science & Technology Libraries,
vol. 24, no. 3-4, pp. 389–399, 2004.
[13] F. Flacco, A. Paolillo, and A. Kheddar, “Residual-based contacts
estimation for humanoid robots,” in 2016 IEEE-RAS 16th International
Conference on Humanoid Robots (Humanoids). IEEE, 2016, pp. 409–
415.
[14] A. De Luca and F. Flacco, “Integrated control for phri: Collision
avoidance, detection, reaction and collaboration,” in 2012 4th IEEE
RAS & EMBS International Conference on Biomedical Robotics and
Biomechatronics (BioRob). IEEE, 2012, pp. 288–295.
[15] S. Golz, C. Osendorfer, and S. Haddadin, “Using tactile sensation
for learning contact knowledge: Discriminate collision from physical
interaction,” in 2015 IEEE International Conference on Robotics and
Automation (ICRA). IEEE, 2015, pp. 3788–3794.
[16] S. Haddadin, A. De Luca, and A. Albu-Scha¨ffer, “Robot collisions: A
survey on detection, isolation, and identification,” IEEE Transactions
on Robotics, vol. 33, no. 6, pp. 1292–1312, 2017.
[17] S. Parusel, S. Haddadin, and A. Albu-Scha¨ffer, “Modular state-based
behavior control for safe human-robot interaction: A lightweight con-
trol architecture for a lightweight robot,” in 2011 IEEE International
Conference on Robotics and Automation. IEEE, 2011, pp. 4298–4305.
[18] P. A. Lasota, T. Fong, and J. A. Shah, “A survey of methods for safe
human-robot interaction,” Foundations and Trends in Robotics, vol. 5,
no. 4, pp. 261–349, 2017.
[19] S. Haddadin and E. Croft, “Physical human–robot interaction,” in
Springer handbook of robotics. Springer, 2016, pp. 1835–1874.
[20] W. G. Aguilar, M. A. Luna, J. F. Moya, V. Abad, H. Parra, and
H. Ruiz, “Pedestrian detection for uavs using cascade classifiers with
meanshift,” in 2017 IEEE 11th international conference on semantic
computing (ICSC). IEEE, 2017, pp. 509–514.
[21] A. Lioulemes, G. Galatas, V. Metsis, G. L. Mariottini, and F. Makedon,
“Safety challenges in using ar. drone to collaborate with humans in
indoor environments,” in Proceedings of the 7th International Con-
ference on PErvasive Technologies Related to Assistive Environments,
2014, pp. 1–4.
[22] R. P. Padhy, F. Xia, S. K. Choudhury, P. K. Sa, and S. Bakshi,
“Monocular vision aided autonomous uav navigation in indoor corridor
environments,” IEEE Transactions on Sustainable Computing, vol. 4,
no. 1, pp. 96–108, 2018.
[23] D. Szafir, B. Mutlu, and T. Fong, “Communicating directionality in
flying robots,” in 2015 10th ACM/IEEE International Conference on
Human-Robot Interaction (HRI). IEEE, 2015, pp. 19–26.
[24] ——, “Communication of intent in assistive free flyers,” in Proceed-
ings of the 2014 ACM/IEEE international conference on Human-robot
interaction, 2014, pp. 358–365.
[25] H. Hedayati, M. Walker, and D. Szafir, “Improving collocated robot
teleoperation with augmented reality,” in Proceedings of the 2018
ACM/IEEE International Conference on Human-Robot Interaction.
ACM, 2018, pp. 78–86.
[26] M. Walker, H. Hedayati, J. Lee, and D. Szafir, “Communicating robot
motion intent with augmented reality,” in Proceedings of the 2018
ACM/IEEE International Conference on Human-Robot Interaction.
ACM, 2018, pp. 316–324.
[27] M. E. Walker, H. Hedayati, and D. Szafir, “Robot teleoperation
with augmented reality virtual surrogates,” in 2019 14th ACM/IEEE
International Conference on Human-Robot Interaction (HRI). IEEE,
2019, pp. 202–210.
[28] S. Y. Gadre, E. Rosen, G. Chien, E. Phillips, S. Tellex, and
G. Konidaris, “End-user robot programming using mixed reality,” in
Proceedings of the IEEE International Conference on Robotics and
Automation (in press). IEEE, 2019.
[29] D. Szafir, “Mediating human-robot interactions with virtual, aug-
mented, and mixed reality,” in International Conference on Human-
Computer Interaction, 2019, pp. 124–149.
[30] P. E. Pounds and W. Deer, “The safety rotor—an electromechanical
rotor safety system for drones,” IEEE Robotics and Automation
Letters, vol. 3, no. 3, pp. 2561–2568, 2018.
[31] C. J. Salaan, K. Tadakuma, Y. Okada, Y. Sakai, K. Ohno, and
S. Tadokoro, “Development and experimental validation of aerial
vehicle with passive rotating shell on each rotor,” IEEE Robotics and
Automation Letters, vol. 4, no. 3, pp. 2568–2575, 2019.
[32] D. Falanga, K. Kleber, S. Mintchev, D. Floreano, and D. Scaramuzza,
“The foldable drone: A morphing quadrotor that can squeeze and fly,”
IEEE Robotics and Automation Letters, vol. 4, no. 2, pp. 209–216,
2018.
[33] P. M. Kornatowski, S. Mintchev, and D. Floreano, “An origami-
inspired cargo drone,” in 2017 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS). IEEE, 2017, pp. 6855–6862.
[34] J. Shu and P. Chirarattananon, “A quadrotor with an origami-inspired
protective mechanism,” IEEE Robotics and Automation Letters, vol. 4,
no. 4, pp. 3820–3827, 2019.
[35] P. Sareh, P. Chermprayong, M. Emmanuelli, H. Nadeem, and M. Ko-
vac, “Rotorigami: A rotary origami protective system for robotic
rotorcraft,” Science Robotics, vol. 3, no. 22, p. eaah5228, 2018.
[36] F. Escrig and J. P. Valcarcel, “Geometry of expandable space struc-
tures,” International Journal of Space Structures, vol. 8, no. 1-2, pp.
71–84, 1993.
[37] Z. You and S. Pellegrino, “Foldable bar structures,” International
Journal of Solids and Structures, vol. 34, no. 15, pp. 1825–1847, 1997.
[38] F. Maden, K. Korkmaz, and Y. Akgu¨n, “A review of planar scissor
structural mechanisms: geometric principles and design methods,”
Architectural Science Review, vol. 54, no. 3, pp. 246–257, 2011.
